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ABSTRACT
COMBINE GAS DELIVERABILITY EQUATION FOR RESERVOIR AND WELL

HASSAN DAFFALLA ELJACK
A new model has been developed by combining the gas reservoir deliverability equation
for a reservoir and the well flow equation.
An existing computer program was modified to determine gas production from reservoir
against constant wellhead pressure.
Upon completion, a unique, simple, and user friendly model was developed, that will
allow the user to predict the performance of the gas reservoir against a constant wellhead
pressure.
The new model was used to generate and introduce a new set of production decline type
curves, which can be utilized to forecast gas production rates under constant wellhead
pressure condition.
The impact of the well tubing length and tubing size on the shape of the type curves were
studied.
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NOMENCLATURE

a= Non- Darcy flow coefficient, psi^2/(cp)(Mscf/D)^2.
Bg = Gas formation volume factor, RB/scf.

C = Back-pressure curve coefficient, Mst/D/psi^n.

C A =Reservoir shape factor, dimensionless.
C g =Gas compressibility, psi-1.

D =Decline rate, day-1.
FNDi = Non-Darcy flow ratio, dimensionless.
FatD =pseudo time ratio, dimensionless.

GD =Dimensionless cumulative production.
Gi = Initial gas in place, Bcf.
G p =Gas produced, Mscf.

h = Formation thickness, ft.
k = Absolute permeability, md.
n = Exponent of back-pressure curve, dimensionless.
P= Pressure, psia.
Pi = Initial Reservoir Pressure, psia.
Pp= Pseudo pressure, psi2/cp.

Pr = Average reservoir pressure, psia.
Psc = Reservoir pressure at the standard condition, psia.
Ptf = wellhead pressure, psia.

Pts = Shut-in pressure, psia.
Pwf = Bottom-hole flowing pressure, psia.

vii

q = Flow rate, MscfD.

q D = Dimensionless flow rate.
qi = Initial surface gas flow rate at t=0, Mscf/D.
qt = Gas flow rate at time t, Mscf/D.
re = Reservoir outer radius, ft.
rw = Well bore radius, ft.
S = Skin factor
sc = Standard Condition.
T = Reservoir temperature, R

t D = Dimensionless time.
t N = Normalized time.
X i = Dimensionless parameters.
φ = porosity, fraction.

µ g = gas viscosity, cp.

λ = Draw-down parameter.
β = turbulence factor, 1/ft.
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CHAPTER 1

INTRODUCTION
Estimation of hydrocarbon-in-place and the forecast of the gas reservoirs
production are needed to determine the economic viability of the project
development as well as to book reserves required by regulatory agencies. During
the last 70 years, various methods have been developed and published in the
literature for estimating reserves. These methods range from the basic material
balance methods to decline type curve analysis techniques. They have varying
limitations and are based on analytical solutions, graphical solutions. Examples of
these include Arp’s decline equations, Fetkovich’s decline curves, Carter’s gas type
curves, and Palacio and Blasingame`s gas equivalent decline curves. Most recently,
other papers on type curves analysis, have appeared in the SPE literatures; all that
reflect the important role of this area of study.

1.1 Production Type Curves:
The production

type curves, which are plots of theoretical solutions to flow

equations , are employed, in the absence of complete reservoir data, to predict the
future production rates based on past production data. The idea of using the log-log
type curves for matching and interpreting production data was first proposed by
Fetkovich (1980), however, has had widespread application to analyze the pressure
transient data for many years prior to that.
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Fundamentally, production decline type curve is a log – log plot of a family of
production type curves with dimensionless flow rate ( q D ) on ordinates and
dimensionless time ( t D ) on abscissa.
The different curves of a family are distinguished from one another by a specific
parameter. Several sets of production decline type curves have been published in
past literature. Most of these type curves have bean developed based on a
simplifying assumption which limits their application. There are several suggested
modifications which have provided some other improvements for gas well
production decline analysis. However, the modifications involve the use of new
parameters which are difficult to evaluate and as a result complicate the matching
process. One of the most important limitations of the previous work and
development of decline type curves, is that; they were based mainly on the
assumption of a constant flowing bottom hole pressure. But, from practical view,
this assumption is violated; since most gas wells are produce under constant
wellhead pressure and different flowing bottom hole pressures condition.
The objective of this research was to develop a set of type curves that combine
formation deliverability and gas well flow equation.

2

CHAPTER 2

LITERATURE REVIEW
2.1 Gas Deliverability and Flow rate
Natural gas deliverability from the reservoir and the wells has been an area of
continuing interest for development of production facilities as well as design and
operation of storage fields. “Deliverability” of gas well relates to its ability to
produce the gas into wellbore and, subsequently to the surface facilities at a
particular rate. The rate of flow from a porous and permeable drainage area into a
well bore is a function of the properties of both the information and the fluids; as
well as the pressure gradients which is the driving force prevailing in the drainage
area. Whether in production or in storage understanding of gas deliverability
involves: (a) Flow near the well bore as affected by skin affect. (b) Flow into the
well bore through the particular completion system and up or down through the
well. (c) Flow through the gathering system that usually includes pipes, laterals,
separators, dehydration, pressure regulation, metering and other equipment. (d)
Field-to main-pipeline connection – usually through compressor station. During the
process of flow, the system adjusts to the rate of deliverability resulting from the
various components (mostly in series but sometimes in parallel). Current practice in
gas well deliverability analysis involves using the laminar solution for constant
terminal rate, along with a skin factor and rate proportional turbulence term added
to the pseudo-pressure drop at the well bore. The gas flow through the porous media
will be briefly discussed. In general, for gas flow from a reservoir, it is possible to
calculate flow rate based the following equation (The Forchheimer equation):

−

dp µ
= v + βρv 2 -------------------------------- (2.1)
dx k
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The density, ρ , and the velocity, ν , are each functions of pressure, there fore,
Equation (2.2) became:

−ρ

dp µ
= ( ρv) + β ( ρv) 2 ------------------------------ (2.2)
dx k

The term ρ v is the mass rate of flow and is therefore independent of pressure. By
using the real gas law, we can express ρ v in the, following way:

ρv =

q sc p sc M w
----------------------------------------- (2.3)
ATsc R

Where:
sc = standard conditions.

Substitution of the mass flow rate expression Equation (2.3) into Equation (2.4)
produces the desired universal deliverability equation:

M w P dp µ Psc M w q sc
P M q
=
+ β sc w sc ------- (2.4)
ZRT dx k Tsc R A
Tsc R A

Separating variables, integrating and rearranging the above equation resulting our
working deliverability equation:

P22 − P12 = aq + bq 2 ----------------------------------------(2.5)
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We are now able to use Equation (2.5) to develop a reservoir, well, and surface flow
line model, which can then be combined with the depletion equations developed
earlier.

In essence, Equation (2.5) can be applied to three different flow

configurations: (a) Flow from the reservoir to the well (b) Flow from the bottom of
the well to the wellhead, and (c) Flow from the wellhead to the power plant.
Each of these configurations will produce different values for their unknown
constants a & b in the deliverability equation.

2.2 Production type curves review
Fetkovich1 introduced the concept of type curve matching for production data
analysis. Fetkovich combined a gas stabilized back-pressure deliverability equation,
and a material balance equation to develop a set of type curves for gas well
production forecasting , ignoring the gas compressibility factor.

(

q = C PR2 − Pwf2

)

n

---------------------------- (2.6)

⎛P ⎞
PR = −⎜⎜ i ⎟⎟G p + Pi
⎝ Gi ⎠

-------------------------- (2.7)

These curves are presented as dimensionless flow rate and the dimensionless time
for various values of the exponent n and the ratio between the original shut in
pressure to the constant flowing bottom pressure. Fetkovich developed a set of
empirical equations for a well producing against constant backpressure. Using
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backpressure, Equation (2.6), he derived the following equations by setting
compressibility factor z = 1.0.

X=

P
--------------------------------------- (2.8)
Pwf

Where,

Pwf = constant backpressure
P = reservoir pressure.

Fetkovich1 came out with a new plot for type curves, where he introduces the
dimensionless ration Xi:

Xi =

Pi
----------------------------------- (2.9)
Pwf

Where,

Pi = initial reservoir pressure
These curves are illustrated in, Figure 2.1 - which shows the dimensionless flow
rate, q / qi was a function of dimensionless time, (qi * t ) / Gi . Also, Figure 2.3 shows
various values of the exponent, n ranged from 0.5 to 1.0 (laminar flow). Fetkovich1
also showed that as X i becomes large, his assumption became equivalent to
Fetkovich assumption in which a well is producing at a constant fraction of the
shut-in pressure.
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The limitation of Fetkovich1 theoretical method, is that, does not consider the
change in gas properties as reservoir pressure is reduced. The value for C and n
were taken as constant, where, has been shown that depends on flow rate and does
not remain constant during the life of the well. The value of C depends on gas
properties and varies with pressure.
Smith2 further extended Fetkovich`s type curves, empirical method accounts for
non-Darcy flow by generating a set of curves for various values of n. These values
range from n = 1.0 (laminar flow) to 0.5 (Turbulent flow). The problem with this
method is that having many families of curves make unique match difficult. Smith
also ignore the compressibility of gas , by setting compressibility factor equal to 1,
Later, Carter3 generated a set of curves with a finite-difference reservoir model.
These types curve improved the accuracy of the analysis by plotting functions that
include the changes in gas properties with pressure. Thus, he considered the
changes of the product µ g Cg with the average reservoir pressure using a drawdown
parameter - as show in Equation (2.24).

λ=

µ ( Pi )C g ( Pi )[Pp ( Pi ) − Pp ( Pwf )]

[

2 ( P / z ) i − ( P / z ) wf

]

-------------------- (2.10)

Carter4 introduced a new type curves for gas wells producing at constant pressure to
fill the gap which existed with the Fetkovich decline curves. As shown, the λ =1.0
curve assumes a negligible drawdown effect and it corresponds to the X i = ∞ , on
the Fetkovich type curves. But ignored no-Darcy flow effects; which limited by the
fact that λ must be calculated before a match can be made and the information
needed to calculate λ is not always available.
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Figure 2.1: Type Curves for wells producing against back pressures with
various values of n.4
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Fraim and Wattenbarger5 used pseudotime, first introduced by Agarwal to improve
the use of Fetkovich type curves for gas. The time transformation accounts for
variation of gas properties as the average reservoir declines. Their pseudo-time is
different than that used by Agarwal because viscosity and compressibility are
evaluated at average reservoir pressures rather that wellbore pressure. They found
that, to obtain pseudo-time, value for original gas in place, G, must be assumed. The
first estimate is found by matching the actual time versus rate decline curve and
calculating a value of G. They showed that gas well production rates decline
exponentially against the normalized time as defined in Equation (2.11).

µ gi × C gi
dt ------------------------------------ (2.11)
C
µ
×
g
g
0
t

tN = ∫

Farim and Wattenbarger6 account for variations in gas properties with pressure
using pseudo-time, but they also ignore non-Darcy flow. This method has the
disadvantage of requiring an estimate of gas in place and knowing the reservoir
drive mechanism for the material balance equation before the pseudo-time can be
calculated. As mentioned above, all these authors have neglected the impact of nonDarcy flow in their derivation. A set of more representative curves were developed
by Schmidt et al, Caudle, and Aminian et al by combining the theoretical stabilized
gas flow equation, Equation (2.12) and the material balance for a gas reservoir,
Equation (2.13).
Pp ( Pi ) − Pp ( Pwf ) = aq + bq 2 ---------------------- (2.12)

⎡P / z − P / z ⎤
Gp = ⎢ 1 1 2 2 ⎥
P1 / z1
⎣
⎦

------------------------ (2.13)
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The model accounts for non-Darcy flow and dependency of gas properties on
pressure. The models previously discussed assume constant reservoir parameters
and operating conditions during the entire life of the reservoir. Aminian et al7 has
discussed the violation of this assumption in practice due to changes in well spacing
owing to infill drilling, back pressure changes due to compressor installation, and
changes in skin factor due well stimulation.

2.2.1 Aminian et al Constant Pressure Solution

Equation (2.14) shows the analytical solution developed by Aminian et al:

ln qD + 2(1 − FNDi )(qD − 1) +

FNDi FtaD
-------------------- (2.14)
[1 − (1 / X i )]λ

All the variables in the equations are explained and defined in Table 2.1.
The theoretical model developed to generate the type curves was based on the next
assumptions:
- Pseudo steady state flow regime
- Constant well flowing pressure
-Homogeneous and isotropic formation
- High gas flow rates into wells.
The Pressure dependency of the gas properties is represented by FtaD , which depends
on the pseudo time, and λ , which contains pseudo pressure. Pseudo pressure as
defined by Equation (2.21) takes into account the variation of gas viscosity and gas
compressibility.
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Table 2.1: Terms included in the constant pressure solution developed by Aminian.

Parameter

Equation
qD =

Dimensionless Flow Rate

FNDi = 1 +

Non-Darcy Flow Ratio
Darcy Flow Coefficient,
psi 2 /(cp)(Mcf / D) 2

Non- Darcy Flow coefficient,
psi 2 /(cp)(Mcf / D) 2

q
qi

a=

(2.15)
bq i
a
1422T

(2.16)

(2.17)

⎡
⎤
⎛ 10.06 Area ⎞
⎟⎟ − 0.75 + s ⎥
kh ⎢0.5 ln⎜⎜
2
⎝ C a rw ⎠
⎣
⎦
3.161× 10 −12 βTγ
⎡1 1⎤
h2µ ⎢ − ⎥
⎣ rw re ⎦

b=

Turbulence Coefficient, ft −1

β=

Pseudo time Ratio

FtaD

(2.18)

2.73 ×1010
K 1.1045
t
dt
∫0 µ g c g
=
t
µ gi c gi

(2.19)

(2.20)

2 Pdp
µg z
0
p

Pp ( P) = ∫

Pseudo pressure, psi 2 / cp

Dimensionless Parameter, Xi

qi t
(2.22)
Gi
Pp ( P ) − Pp ( Pwf ) (µ gi C gi )
tD =

Dimensionless Time

Drawdown parameter

(2.21)

λ=

[

]

⎡⎛ p ⎞ ⎛ p ⎞
2 ⎢⎜ ⎟ ÷ ⎜ ⎟
⎢⎣⎝ z ⎠ i ⎝ z ⎠ wf
⎛ p⎞ ⎛ p⎞
Xi = ⎜ ⎟ ÷⎜ ⎟
⎝ z ⎠ i ⎝ z ⎠ wf
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⎤
⎥
⎥⎦

(2.23)

(2.24)

The effect of non-Darcy flow is quantified by FNDi . Aminian et al,8 concluded that
the dependency of the previously discussed type curves on permeability, initial
pressure and skin factor are caused by variations of this parameter.
In order to generate a type curve from Equation (2.14), it is necessary to determine

FtaD for each point of the decline curve, which means for each pressure. Two
approaches have been proposed to solve this expression. Abidi introduced the first
approach known as direct method in 1991. This method solves the equation directly
by utilizing polynomial approximations for FtaD as function of t D . The effect of
various parameters such as Pi , X i , and k on FtaD was studied by plotting FtaD vs. t D
on log- log paper. Sets of FtaD × t D / λ (1 – 1 / X i ), and

t D / (1 –1 / X i ) were

developed in order to establish a correlation between FtaD , and the dimensionless
time, t D . In order to generate a type curve from these plots a polynomial regression
method was used. This technique employs the least squares fit of the data by
successive polynomials of order 1 to 4, and examines the standard deviation about
the regression line in each case. Thus, the type curves generated by using these
correlations were compared to the type curve generated by numerical methods
finding an alternative method to model Aminian et al Type curves. The second
approach is the indirect method, which utilizes a stepwise method of solving
material balance and deliverability equations simultaneously to determine rate
versus time and converts the results to dimensionless rate and time. This method is
the foundation of the computer program for generating type curves.
It has been observed that if both the non-Darcy and pressure dependency of the gas
properties is ignored, FtaD

=

1, λ =1.0, and FNDi , then the equation reduces to the

familiar exponential decline. This is true for single-phase liquid flow.
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If only the non-Darcy flow is ignored FNDi =1, then the equation reduces to
exponential decline against normalized time as suggested by Fraim and
Wattenbarger9. Therefore, the equation is the most general and accurate form of the
constant pressure pseudo-steady-state solution for single-phase gas flow.

Figure 2.2 Constant back-pressure gas well production decline curves7

According to the number of known variables available to generate type curves,
different scenarios can be analyzed. If only one of the limiting values of pressure is
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known, multiple sets of type curves are generated for specific values of FNDi by
varying X i .

Figure 2.2, shows different type curves generated by varying the

values of the dimensionless parameter X i , as defined in Equation (2.38) above and
ranged here between 1.1 to infinity; for an initial pressure of 2000 psia and FNDi =2.
As is observed, X i parameter defines the pressure drawdown exhibited by the well.
As the pressure drawdown is larger the curves shift to the right due to the larger gas

Figure 2.3 Effect of non-Darcy flow on type curves7
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production at higher differential pressure. If the limiting values of the pressure Pi ,
and Pwf are known then λ , and X i can be easily determined by substituting
pressure values between this intervals in their respective equations.
Figure 2.3, depicts a set of type curves for Pi = 2000 psia, and Pwf =100. As we
observed, the effect of larger FNDi

(s)

results in a shift of the curves to the left side

due to shorter gas production and production time. It is also the values of FNDi ,
larger than 10 do not result in significant variations in the shape of the type curve.
These sets can be obtained either by adjusting reservoir permeability or skin factor
to keep constant the FNDi values. As the figure shows, the initial pressure influences
the type curve only slightly when the non-Darcy effects are kept constant7. These
changes are the result of variations in FtaD and λ given by Equations (2.34) and
(2.37). Also sets of cumulative production type curve were generated as shown in
Figure 2.4, was introduced by Aminian, who found that, those cumulative
production type curves can enhance the matching process when the erratic rate of
production data can not easily be matched to the production type curves.
Where the dimensionless cumulative production G D is defined as of the gas
cumulative production divided by the initial gas in place as follows:

GD =

Gp
Gi

----------------------------------- (2.40)

Aminian et al10 performed many simulation runs to study the effect of various
reservoir parameters on the shape of the type curves. As a result, the formation
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permeability, the skin factor and the shape factor were found to have some effect on
the curves. The effect of permeability was found to be relatively small and it is
recommended that for different ranges of permeability, the type curves are
generated separately.

Figure 2.4 Cumul-production type curves producing against constant BP.11

The effect of skin factor is shown in Figure 2.6, with insignificant effects in case of
a small dimensionless time values. At larger dimensionless time values skin factor
makes significant change between those type curves. These changes are the result of
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Non-Darcy effects, FNDi ; therefore, they are accounted for in the type curves. The
effect of the shape factor was also found very similar to that of skin factor. Aminian
type curves have limitations, that reservoir must be at pseudo-state and radial flow
conditions. Wells which are dominated by linear flow and/or an unsteady flow
regime should not be analyzed with these type curves.

2.2.2 Type Curve Utilization

To analyze the past production data, a log-log plot of actual production rate versus
time is overlaid on different sets of type curve. The closest type curve to the
production history is chosen as the match for it. As a result of these match the value
of X i , Pi , and FNDi are directly obtained from the type curve. As is seen in Figure
2.7, the matched type curve differs from the plot of actual data only by a shift in
coordinates. Hence, an arbitrary match point should be selected, and the two sets of
coordinates are used to evaluate qi and Gi as defined by Equations (2.41) and
(2.42).
⎛ q ⎞
⎟⎟
---------------------------------- (2.41)
qi = ⎜⎜
⎝ q D ⎠ match

⎛ t
Gi = q⎜⎜
⎝ tD

⎞
⎟⎟
------------------------------- (2.42)
⎠ match
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As Pi and X i are read from the matched type curve, the value of Pwf is obtained
from X i relation. Knowing Pwf , the values of non-Darcy coefficient b, and Darcy
coefficient a of the quadratic gas flow equation defined by Equation (2.26) are
obtained by Equations (2.41) and (2.42).

a=

b=

[P ( P ) − P ( P )]
p

i

p

wf

qi × FNDi

----------------------- (2.43)

( FNDi − 1)a
------------------------------ (2.44)
qi

Thus, with this information gas deliverability can be calculated by substituting
either Pwf or q into the quadratic equation. Gas reserves and times of production are
obtained by using the material balance equation. It is essential to know X i and FNDi
to

generate type curves. X i affects the position of the curve as shown in Figure 2.3,

while FNDi changes the shape of the curve as shown in Figure 2.4. Since X i is
available from the producing well, FNDi normally will be iterated for different
values and different type curves were generated.

Then by superimposing the

production history of a well on the top of the generated curves, a match will be
made and as the result, FNDi read from the matched curve. Once a match is found,

qi and Gi will be calculated using Equations (2.41) and (2.42). The deliverability
coefficient , a and b were also determined using Equations (2.43) and (2.44). An
example of matching process is shown in Figure 2.5.
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Figure 2.5 Sample of the Type Curve Matching Process12.

2.2.3 Recent Type Curves Researches and Developments

Some of the researches and papers which have bean introduced most recently, and
published through the Society of Petroleum Engineering; (SPE):
In 1999, Agarwal, Gardner, and Kleinsteiber13, did present new production decline
curves for analyzing well production data from radial and vertically fractured oil
and gas wells. They combined Decline curve and Type curve analysis concepts to
result in a practical tool which can more easily estimate the gas in place as well as
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to estimate reservoir permeability, skin effect, fracture length and conductivity.
In 2001, Zelghi, Tiab, and Mazighi14 introduced a newly developed equation for
decline curve analysis; a fitting equation was developed as an alternative for gas
field data analysis; which combines both depletion and transient periods. The
equation advantages: (a) Fitting with the new equation is more precise than the
conventional type curve matching to obtain decline constant, D, decline exponent,
and matching point. (b)The real production data can be fitted directly by the
equation without using smoothing techniques. (c)The radial and pseudo-steady-state
regions are determined directly from the fitting. (d) and finally, for new-developed
reservoirs, production data, which may be insufficient with the conventional type
curve matching, can be interpreted with new fitting developed - equation.
In 2001, also, Marthaendrajana and Blasingame15 introduced a new multiwell
reservoir solution to analyze single well performance data in a multiwell reservoir
system. The new solution was to "couples" the single well and multiwell reservoir
models, based on a total material balance of the system, and permits the estimation
of total reservoir volume and flow properties within the drainage area of an
individual well, where the analysis is performed using type curve.
In 2003, Partikno, Rushing & Blasingame16 studied the methodology for decline
type curve analysis using a field case of continuously measured production rate and
surface pressure data obtained from a low permeability gas reservoir. The
traditional type curve solutions for an infinite conductivity vertical fracture are
typically inadequate - and, their new solutions for a well with a finite conductivity
vertical fracture clearly show much more representative behavior. This suggests that
the proposed type curves will have applications in low permeability gas reservoirs.
Therefore, even the most recent published papers still have limitation, in which
most of them were based on the assumption that, some of the reservoir parameters
such as bottom hole flowing pressure remain constant.
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2.2.4 Computer Program

“Sfrac” is a simple analytic gas model

created by Tesfasalasi, (1999)17,that

generates production decline curves of a well. The program has two parts; the first
part of the program calculates the gas properties and pseudo-pressure for any
pressure increment. The second part generates decline production curves and
dimensionless type curves. It also prints out FNDi , a, b, and Gi as part of the output.
For the first part of the program, the input parameters are the initial reservoir

Figure 2.6 Sample of the Type Curve Matching Process17

Pressure, temperature and gas gravity or gas components. For the second part of the
program, porosity, permeability, skin factor, shape factor, bottom hole flowing
pressure, well bore
21

diameter, gas saturation, and area of the reservoir are the input parameters. As
shown in Figure 2.6.
Abidi

12

has worked to develop a direct method of generating type curves using

polynomial regression by creating a correlation with the Armenian’s general
equation (26). The program was written in Fortran and it is updated to Visual Basic
5.0. The Second and third degree order polynomial equations were used depending
on initial reservoir pressure. Third degree order polynomial equations were used.
Abidi determined the coefficients of the polynomial equation. The input properties
of the program are Pi , X i , and FNDi and the outcome of the program is a
dimensionless type curve, as shown in Figure 2.7.

Figure 2.7 Sample of the Type Curve Matching Process17
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CHAPTER 3

OBJECTIVE AND METHODOLOGY

Most of previous and recent researches, contributions and developments that had
been done on production decline type curves analysis, were based mainly on the
assumption that, the gas well is producing under a constant flowing bottom hole
pressure; From practical point of view, was found to be untrue, most of the gas
wells are currently producing under a constant wellhead pressure and a different
flowing bottom hole pressures. There fore, what will happened to the production
forecasting

in the condition where the gas well

produce against a constant

wellhead pressure and different bottomhole pressures? The answer of that
challenging question was the foundation of my research.
The objective of this research was to develop a new set of type curves that combine
formation deliverability and gas well flow rate – using a new approach which was
the assumption of constant wellhead pressure and variable bottom hole pressures.
To achieve the objective, a methodology consisting of the following steps:
(1)Generate a simple and reliable model that capable to calculate & combine the
production flow rate for both gas reservoir and the well. (2)Generate and introduce
a new set of dimensionless group of gas production decline type curves.(3)Study
and investigate the impact of various reservoir and well parameters especially; the
effect of the tubing length and tubing sizes to the shape and the behavior of the
decline curves for a constant Well head pressure & various bottom hole pressures.
The methodology of this work is divided into three levels:
A-Model Development
B-Generate Production Type Curves
C-Evaluate the Impact of the Well Tubing Length & Size on the Type Curves.
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3.1 Model Development

The Model was generated using “Sfrac”, which was used as a base to develop a
new all that as a base to develop a new model, that capable to combine the gas
deliverability equation for a reservoir and a well.
The modification to the computer program, using Visual Basic 6.0 is illustrated in a
simple Flow Chart in Figure 4.1 below:

Ptf

Input

Pwf Estimation.

Reservoir Flow rate:
− a + a 2 + 4b * (Pp ( Pi ) − Pp ( Pwf ) )
qresv =
2*b

Well Flow rate:
qwell

qresv = qwell

(

)

⎤
⎡
Pwf2 − Ptf2 * e s × d 5
=⎢
⎥
2
⎢⎣ (0.00667 )× e s − 1 × f × (T * Z ) ⎥⎦

(

)

If No

If Yes

EXIT

Figure 3.1: Flow Chart for Computer model modification
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0.5

The combining deliverability equation procedure presented in this research is based
upon the following assumptions and concepts:
(1) The reservoir is closed volumetric reservoir.
(2) The flow regime is pseudo – steady state.
(3) Single phase gas flow.
(4) The formation is homogeneous.
(5) The system under a constant wellhead pressure
The following table summarizes the basic data that were used to generate the
new model as well as the range of it:

Table 3.1 Reservoir Properties
Parameters

Base Model Value

Range

Depth

4000 ft

4000 - 8000 ft

Gas Gravity
Initial Pressure
kh
Temperature

0.65
2000 psia
200
100 F

Tubing Diameter

2.750 inc

Tubing Length

4000 ft

Wellhead Pressure

1000 psia
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0.65
2000 - 5000 psia
10 -10000
100 F
1.25 - 4.50
4000 - 9000 ft
100 - 2000 psia

“Progress” is the new modification to the previous model “Sfrac”. The new addition
focused mainly on the second phase where the program generates the type curves.
Even though, the first phase was modified also, as show in Figures 3.2, & 3.3;

Figure 3.2: First page of the developed-software.

Beside the overall look, additional features added such as; the model was developed
to allow the user to choose different external file from different location.
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Figure 3.3: the gas composition input window.

One of the new feature in “Progress” is that, the user will get a reminder when the
system finished displaying all gas properties data in the grid table- since there is a
limitation to display all data on the same page; therefore, a small window will pop –
up informing the user that the process is complete, Figure 3.4.
The second phase of the model in “Progress” display the input and the result for
type curve generation. On this page additional checked- box was added allowing the
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Figure 3.4: the gas composition result displayed.

user to plug different input values for the main reservoir and well parameters; such
as: system temperature, well tubing length and diameter as shown in Figure 3.5.
New advantage of the new developed- model, “Progress” that, the model is capable
to calculate the system average temperature automatically, by using the original
formation temperature and the top hole temperature inputs, as shown in Figure 3.5.
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Figure 3.5: Option of calculating the average temperature automatically.

Figure 3.6: Option of calculating the average temperature manually.
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The other option for the system average temperature calculation - when the bottom
hole temperature value is available, therefore, the model allows the user to
manually input the value of bottom hole temperature; as shown in figure 3.6.
Finally, the most important output which are: the formation flow rates, the well
flow rates, and the flowing bottom hole pressures columns were displayed in
different color to distinguish them from the rest outputs; as shown in Figure 3.7.

Figure 3.7: Option to input the temperature for the wellhead pressure
calculation.
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3.2 Generation of Production Type Curves

The methods that had been utilized to generate Amenian’s solution type curves, is
initiated by solving the dimensionless time t D and dimensionless flow rate q D
using material balance equation and deliverability equation. The goal is to utilizes a
stepwise method of solving material balance and deliverability equations
simultaneously to determine reservoir flow rate and match that with the well flow
rate obtained from tubing deliverability equation using similar Pwf –Which is the
foundation of my computer model program (that I developed and was explained
previously) for combining the flow rates of the reservoir and the well in one and
closely equal flow rate In order to generate a single type curve gas properties must
be defined at every point of the proposed gas declines. As it was mentioned before,
Xi, FNDi, and initial gas in place Gi are required to generate an individual type
curve. As this information is not available to initiate type curve matching, the
program iterates on these three parameters by proposing a range of K, Pwf and Gi
to initiate the search. It is assumed that usual information as Pi, µ g , and T is known.
The next step is the calculation of the coefficients of the quadratic deliverability
equation a and b. A pressure step of twenty psia was considered to generate the
reservoir flow rate equation (Qnow), since it offers great accuracy in the process of
interpolation and curve comparison. Once a, and b coefficients are identified, gas
reservoir flow rate (Qnow) is obtained by solving the quadratic gas flow equation
given by equation:

q=

− a + a 2 + 4 a (Pp ( Pi ) − Pp ( Pwf ) )
2b
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---------------------(3.1)

Converting the Pseudo flowing bottom hole pressure (Pp(Pwf) to conventional
flowing bottom hole pressure (Pwf) and applying that into the well deliverability
equation to obtain the well flow rate (Qwell), using the following equations:

⎡ 2 s 6.67 × 10 − 4 * q g2 * f * T 2 * Z 2 s
⎤
−
Pwf = ⎢ Ptf * e +
(
e
1
)
⎥
d5
⎥⎦
⎣⎢

0.5

----------(3.2)

where,

f =
Where,

s=

0.01603
ID 0.224

------------------------------------(3.3)

0.0375 * γ g * D
Z *T

------------------------------------(3.4)

Then the program starts comparing the values of Qnow & Qwell to math them by
using the logic & techniques

for adjusting the value of flowing bottom hole

pressure, till the match occurs.
Finally, the output results which include the combined-flow rates and their
corresponding Pwf values will export to Excel to finish generating the type curvesby the hint of other inputs data the dimensionless rate and time will be calculated to
plot the type curves. The definition of those two dimensionless parameters;
dimensionless flow rate ( q D ) and dimensionless time ( t D ) are shown in Equations
(3.5) & (3.6):
q
qi

----------------------------------------- (3.5)

t × qi
Gi

--------------------------------------- (3.6)

qD =
tD =
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3.3 Impact of the Well Tubing Length & Size on the Type Curves

The final phase of this methodology was to investigate the impacts and the
influences of the well tubing sizes and lengths on the shape and behavior of the type
curves. As mentioned earlier, the model output was exported to Excel spreadsheet
to finalize the calculation of the two dimensionless parameters ;( q D ) And ( t D ) as
shown in Equations (3.5) & (3.6). After that the rest of calculations were performed
to evaluate the influences of the tubing lengths and sizes to the behavior of the
decline curves. It is important to know that all calculations based on the new
definition for X i :

⎛ p⎞
⎛ p⎞
X i = ⎜ ⎟ ÷ ⎜ ⎟ ---------------------------------------------- (4.5)
⎝ z ⎠tsi ⎝ z ⎠tf

After that, we start applying different values of Tubing size and Tubing diameters
while the rest of the reservoir parameters as well as the well parameters were set to
be constant . By doing that a hundreds of runs and calculations will be made till a
clear picture will occur. Then, by changing the values of the tubing lengths and
sizes we will have a clear picture of how those two important parameters will
impact and influence the shape or the position of the production decline curve.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results obtained to predict long – term gas production
based on the result of the new developed model. Several cases are discussed in this
chapter to analyze different proposed scenarios. Also, results for a set of all
different cases are illustrated in tables. Graphic results and gas deliverability
performance are presented in appendices A and B. Using the Model “Progress”
output as well as Excel spread sheet the following results were obtained after been
Tested and satisfied the enclosed parameter’s range.

4.1 Initial Result

The first initial result was to show impact of the dimensionless parameters, X i , and
the non – Darcy flow ratio, FNDi . Figure 4.1 shows that, by changing the wellhead
pressure values - X i will have different value and according to the previous work,
it was proven that, X i affects the position of the curve.
Table 4.1, displays the data as well as the range that applicable to generate this type
curves- showing the effect of the dimensionless parameters, X i .

Table 4.1: Tubing Lengths & Sizes range data for Different Ptf
Pi

Ptf

Tubing length

Tubing Diameter

psia

psia

ft

inch

2000

420 - 1600

4000 - 4300

2.441
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Figure 4.1: Effect of Tubing Length & Size in a different X i values.

The second initial result was to show the impact of the non-Darcy effect on the
behavior of the type curves; as mentioned before, the previous works determined
that , the non-Darcy flow ratio, FNDi affects the shape of the decline curve ; there
fore, Figure 4.2 proved that, which reflect the successful generation of the new type
curves.
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Table 4.2, displays the data as well as the range that applicable to generate this type
curves- showing the effect of the non- Darcy effect FNDi

Table 4.2: Tubing Lengths & Sizes data for Different Fndi.
Pi

Ptf

Tubing length

Tubing Diameter

psia

psia

ft

inch

2000

1000

4000

2.441

Figure 4.2: Effect of Tubing Length & Size in a different FNDi values.
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4.2 Effect of Tubing Length (TL)

Figure 4.3 shows the impact of the tubing length; four different curves plotted for
various tubing lengths as described in table 4.3. The next three consecutive graphs
show that: all curves lie on each other generating an identical single curve.
Table 4.3: Basic Data Used for Tubing Length Effect
Pi

Ptf

Tubing length

Tubing Diameter

psia

psia

ft

inch

2000

1000

4000 - 4300

2.295

Figure 4.3: Effect of Tubing Length for FNDi = 1.10.

37

Figures 4.4 and 4.5 below reflect the impact of tubing length, and show the type
curves behavior for different values of FNDi s:

Figure 4.4: Effect of Tubing Length for FNDi = 2.50.

Figure 4.5: Effect of Tubing Length for FNDi = 10.0.
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Figures 4.6 and 4.7 below reflect the impact of tubing length, and show the type
curves behavior for different values of X i s:

Figure 4.6: Effect of Tubing Length for X i = 2.75.

Figure 4.7: Effect of Tubing Length for X i = 5.0.
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4.3 Effect of Tubing Size (ID)

Figure 4.8 shows the impact of the tubing size; four different curves plotted for
various tubing sizes as described in table 4.4. The next three consecutive graphs
show that: all curves lie on each other generating an identical single curve.

Table 4.4: Basic Data Used for Tubing size Effect.
Pi

Ptf

Tubing length

Tubing Diameter

psia

psia

ft

inch

2000

1000

4000

1.50 – 4.00

Figure 4.8: Effect of Tubing Internal Diameter for FNDi = 1.10.
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Figures 4.9 and 4.10 below reflect the impact of tubing size, and show the type
curves behavior for different values of Fndis:

Figure 4.9: Effect of Tubing Internal Diameter for FNDi = 2.50.

Figure 4.10: Effect of Tubing Internal Diameter for FNDi = 10.0.
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Figures 4.6 and 4.7 below reflect the impact of tubing length, and show the type
curves behavior for different values of Xis:

Figure 4.11: Effect of Tubing Internal Diameter for X i = 2.75.

Figure 4.12: Effect of Tubing Internal Diameter for X i = 5.0.
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The results show that , even by changing the dimensionless parameters X i values,
(which here was redefined for the first time, as a ration between the initial shut –in
pressure to the well head pressure), all different type curves lied on each other
generating an identical single curve. This result obtained regardless of the length of
the well tubing (TL).
Similar results will be obtained when the Tubing Size (ID) is variable-still all
curves lie on each other for all scenarios.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The main focus of this research was to develop a new model for combining the gas
deliverability equation for reservoir and well and using that generate and introduce
a new set of type curves that could be used to evaluate and predict production data.
The research took into account all geological and reservoir data to determine the
impacts of each on the production.
Based on the results, the following conclusions and recommendations were made:
-A new unique model was generated to combine the gas deliverability equation for
both reservoir and the well.
-The accuracy of the new model has been tested and verified by generating
hundreds of runs using different scenarios for the reservoir and the well inputs.
-A general model has been developed and utilized to generate a set of production
decline curves for gas well production forecasting.
-The model was also utilized to study the decline behavior of gas wells when the
Tubing length and sizes are change.
-It was found that, the decline behavior of a gas well after the tubing sizes and
lengths have been changed, remained as it was.;i.e they do not make any impact on
the decline curve behavior.

Recommendations:

-Development of scientific, user friendly computer tool integrating the correlations
and the type curves for a condensate gas reservoir.
-The impact of fractured well to the type curve behavior.
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APPENDIX

Appendix A

Effect of Tubing Size (ID) with Ptf = 250 psi
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Effect of Tubing Size (ID) with Ptf = 500 psi
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Effect of Tubing Size (ID) with Ptf = 750 psi
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Effect of Tubing Size (ID) with Ptf = 1000 psi
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Effect of Tubing Length (TL) with Ptf = 250 psi
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Effect of Tubing Length (TL) with Ptf = 500 psi
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Effect of Tubing Length (TL) with Ptf = 750 psi
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Effect of Tubing Length (TL) with Ptf = 1000 psi
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Effect of Non- Darcy to the Type Curve Shape

Effect of Xi to the Type Curve Shape
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